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Nutritional Influences on Metal Toxicity:
Cadmium as a Model Toxic Element
by M. R. Spivey Fox*

The nutrient quality of the diet has been shown repeatedly to be a significant factor in modifying the
response of man and animals to toxic element exposure. Deficiencies of several essential nutrients have
been shown to exacerbate the effects of cadmium and supplements of such nutrients have been shown to
ameliorate the toxicity. Thus the effects of exposure to a toxic element, such as cadmium, may vary,
depending on interactions with other elements which are present in the diet in different concentrations.

Introduction
It is becoming increasingly recognized that the

composition of a person's diet is an important de-
terminant in resistance to many adverse factors, in-
cluding excessive metal intake. The possibility that
dietary intake of certain heavy metals for which no
function is known could cause imbalances of essen-
tial trace minerals in the general population was
recognized by the Food and Nutrition Board in the
eighth edition of Recommended Dietary Allow-
ances published in 1974 (1). Consumption of a bal-
anced and varied diet was recommended to
minimize such imbalances. Today a wide. variety of
nutrient supplements recommended for overcoming
environmental stresses are being marketed by com-
panies responsible for these claims. Regulation of
these supplements is complex. Except for children
under 4 years of age and pregnant and lactating
women, current legal restraints prevent the Food
and Drug Administration from restricting nutrient
supplements to levels that are nutritionally valid (2),
and determinants of regulatory action are based
solely on considerations of safety. It is important,
therefore, to evaluate present levels of metal expo-
sure and the quantities of dietary nutrients that
might either augment or protect against adverse ef-
fects of the metals so that the multifaceted compo-
nents contributing to safety can be intelligently in-
corporated into regulatory decisions.
Cadmium is an environmentally important toxic

* Division of Nutrition, Food and Drug Administration,
Washington, D. C. 20204.

metal that has been studied extensively with respect
to essential nutrients. The information available for
cadmium is useful in evaluating not only its adverse
effects, but for establishing a model for planning
studies relative to the adverse effects of other toxic
elements about which less is known.
The effects of cadmium have been extensively

reviewed (3-10). The relationship between dietary
nutrient intake and the effects of cadmium has been
reviewed (11-13), as well as factors pertinent to
evaluating dietary cadmium intake by man (14).

An Overview of Cadmium
Problems in Man
Human beings exposed to unusually high levels of

cadmium, either industrially or via polluted food
and water, typically develop a mild anemia, en-
teropathy, damaged renal tubules, and os-
teoporosis. The latter was extremely severe and
very painful in the Japanese women who developed
Itai-itai Byo. There are limited data showing that
some cadmium-exposed workers had an increased
incidence of prostate cancer. The effect of cadmium
on hypertension and other cardiovascular diseases
remains controversial. It appears that the greatest
hazard to the general population from increasing
cadmium exposure is kidney damage. There is con-
siderable evidence that when the cadmium content
of the renal cortex reaches 200 ppm, cadmium is
lost from the kidney via the urine, and renal tubular
damage results (5). The biological half-life of cad-
mium in the human kidney has been estimated to be
18 to 33 years or longer (7, 15, 16).
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The typical dietary intake of cadmium in the
United States has been estimated to be approxi-
mately 50 ,ug/day for adults (17, 18). The Food and
Drug Administration monitors the levels of cad-
mium in the United States diet, based on analyses of
12 classes of foods. Mahaffey et al. (17) have re-
cently summarized some of these data. Food
classes that were important sources of cadmium had
concentrations as follows: dairy products, 0.005
ppm; meat, fish, and poultry, 0.0093 ppm; grains
and cereal products, 0.028 ppm; potatoes, 0.046
ppm; leafy vegetables, 0.051 ppm; legume vegeta-
bles, 0.006 ppm; root vegetables, 0.021 ppm; garden
fruits, 0.019 ppm; fruits, 0.042 ppm; oils, fats, and
shortenings, 0.027 ppm; sugars and adjuncts, 0.0083
ppm; beverages, 0.0057 ppm. Based on consump-
tion, the major food groups contributing cadmium
as percent of the total daily intake were as follows:
meat, fish, and poultry, 4.9%; dairy products, 7.7%Y;
beverages, 12.7%; potatoes, 17.8%o; fruits, 18.3%-;
grains and cereals, 22.8%.
A few foods contain unusually high concentra-

tions of cadmium. These are liver, kidney, and most
of the bivalves, such as oysters, depending on their
exposure to cadmium. The diet composites of the
Food and Drug Administration contain liver and
liver products, but not kidney or oysters.
When single meals of kidney homogenate were

extrinsically labeled with cadmium-I 15m (approxi-
mately I 10 jug total cadmium) and consumed by five
men, the absorption of cadmium was approximately
6%, based on retention after the rapid turnover
pools were lost from the body (19). McLellan et al.
(20) gave 14 fasting healthy subjects a meal of rolled
oats and milk followed immediately by "51''CdCI2
and 5'CrC13 in deionized water. The total cadmium
intake was 22-29 ,ug by analysis. The average
II5111Cd retention after clearance of the rapidly lost
cadmium pools and 14 days after the disappearance
of the 5"Cr was 4.6%, with a range of 0.7-15.6%. In
man, as in animals, urinary and intestinal losses of
absorbed cadmium are small and no safe way is
known to remove cadmium from the kidney. The
kinetics of cadmium turnover in man have been dis-
cussed in detail by Friberg et al. (7).

Current estimates suggest that ingestion of 248-
352 ,ug cadmium from food per day would lead to
200 ppm cadmium in the renal cortex by 50 years of
age (7). Assuming that half the day's cadmium in-
take came from 300 g of a basic foodstuff, it was
calculated that concentrations of 0.41-0.59 ppm
(wet weight) in the food would have the same effect.
The validity of these estimates has recently been
demonstrated in Japanese women who consumed
cadmium-polluted rice for many years (21). Dura-
tion and level of dietary cadmium intake and urine

and blood cadmium levels were related to the level
of urinary /32-microglobulins, an index of renal
tubular damage. Similar results have been found for
both men and women 50 years of age or more (22).
A Joint FAO/WHO Expert Committee on Food

Additives established provisional tolerable intakes
of cadmium at 57-71 ,ug/day (23). These values,
which are similar to present intake levels in the
United States, offer approximately a 3.5-6 fold level
of protection against cadmium accumulation to 200
ppm in the renal cortex by 50 years of age, based on
the calculations of Friberg et al. (7). Because the
provisional tolerable intake levels recommended by
the FAO/WHO committee coincide with the level in
the United States food supply, it is considered very
important that the cadmium concentration in foods
not be permitted to increase.

Effects of Dietary Nutrients in
Increasing Risks from Cadmium
Young experimental animals fed high levels of

soluble cadmium salts, 5 ppm cadmium or more,
have typically failed to grow normally and de-
veloped anemia, poorly mineralized bones, en-
teropathy, renal tubular damage, and sometimes
hypertension (11-13). High levels of dietary cad-
mium have led to decreased tissue levels of zinc,
iron, copper, and calcium in the bones, although the
concentrations of zinc and copper in the kidney
sometimes were increased. There is considerable
evidence that cadmium interferes with absorption of
zinc, iron, copper, and calcium.
The current levels of cadmium present in the

human diets would not be expected to influence the
absorption or metabolism of these essential nu-
trients. Rather, these high-level cadmium studies in
animals have identified the most sensitive
cadmium-essential element antagonisms and
suggest that deficiencies of these elements could
lower the threshold for absorption and foster the
long-term toxic effects of cadmium. It is also possi-
ble that at low levels of cadmium intake, interac-
tions in processes other than absorption become
principally important because of differences in
metallo-complex formation and biological turnover.

Signs of zinc deficiency were exacerbated by ad-
ditions of 2 ppm cadmium to the diet of poults (24),
20 ppm cadmium to the diet of chicks (25), and 3.4
ppm cadmium to the drinking water of rats (26). A
7-day period of low zinc intake by young Japanese
quail increased the amount of cadmium in the liver
as compared with that in control birds receiving the
required amount of zinc (27). The level of dietary
cadmium in this study was 0.145 ppm, about 50%
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higher than the equivalent level of cadmium in
human diets.

Hill et al. (28) found that the signs of copper and
iron deficiencies were more marked when 25-400
ppm cadmium was fed to chicks. Copper-deficient
rats and mice were more severely affected by 100
ppm cadmium than were controls (29). Campbell
and Mills (30) found that when they fed rats a diet
containing required levels only of zinc and copper,
as little as 1.5 ppm dietary cadmium caused a de-
crease in serum ceruloplasmin.

Flanagan et al. (31) observed impaired growth
and accentuated development of anemia when 1.12
ppm cadmium was added to the drinking water of
mice receiving a low-iron diet. A tracer of '"'9CdCl,
was also present in the drinking water until 6 days
prior to the termination of the 16-week experiment.
Water intake was the same for the two groups. Iron
deficiency produced marked increases in the cad-
mium content of the duodenal mucosa, the transfer
of cadmium past the intestinal mucosa into the
body, and the proportion of this cadmium that was
deposited in the kidneys. Total amounts of cad-
mium were greater in the stomach, duodenum,
cecum, liver, and kidneys of iron-deficient as com-
pared with iron-sufficient mice. The cadmium in
liver and kidneys was bound primarily to large pro-
teins rather than metallothionein, possibly because
cadmium intake was too low to induce synthesis of
metallothionein. These studies confirm and expand
earlier work from the same laboratory on the effect
of iron deficiency in producing higher cadmium ab-
sorption from an intragastric dose or greater
mucosal uptake of cadmium in iron-deficient mice
during open-ended duodenal perfusion (32, 33).
Ragan (34) reported that iron-deficient rats retained
more of a single intragastric dose of "'49Cd citrate
(9.9 gg cadmium) than did controls 48 hr after dos-
ing. The iron-deficient rats retained significantly
more of the dose in the liver, femur, blood, marrow,
and muscle.

Flanagan et al. (31) also administered ""51CdCI2
(25 gg cadmium) and 5'CrCl: marker in a breakfast
of rolled oats and milk to fasting human volunteers
(12 females and 10 males). The women absorbed
significantly more cadmium (7.5 vs. 2.6% of the
dose) than the men. The mean serum ferritin values
(17 vs. 40 ng/ml) and hemoglobin (14 vs. 16 g/dl)
were significantly lower for the women. Cadmium
absorption was inversely proportional to serum fer-
ritin concentration when data from both men and
women were considered together; the correlation
coefficient for cadmium absorption values versus
the logarithm of serum ferritin values was 0.68.
The severe bone demineralization that occurred

in patients with Itai-itai Byo and their low calcium

intake led to several studies on relationships be-
tween calcium and cadmium. Increased levels of
cadmium in liver and kidney were found by Larsson
and Piscator (35) in adult rats fed a calcium-
deficient diet and 25 ppm cadmium in the drinking
water. Feeding 200 ppm cadmium in a calcium-
deficient diet to rats during pregnancy caused a
3.8-fold increase of cadmium in tissues of the dams
and an 8.6-fold increase in the pups (36). Higher
concentrations of cadmium were found in the kid-
ney, liver, and lung of growing male rats fed a
calcium-deficient diet and 25 ppm cadmium in the
drinking water as compared with rats receiving
adequate calcium (37). Young adult female rats had
higher concentrations of cadmium in the femur and
kidney when they were fed 100 ppm cadmium in a
diet deficient in calcium as compared with an
adequate calcium-supplemented diet (38). The ex-
periments lasted 60 days. With low calcium intake,
there was an increase in cadmium in liver and kid-
ney of mice fed cadmium in the form of high cad-
mium rice (39).

In the above studies, high levels ofcadmium were
fed either in the diet or the drinking water. A tracer
dose of carrier-free '09Cd was also found by Washko
and Cousins (40) to accumulate in greater amounts
in the intestinal mucosa, serum, lungs, liver, kid-
ney, and urine of rats fed a low calcium diet as
compared with a normal calcium diet. Hamilton and
Smith (41) pair-fed rats a calcium-supplemented diet
to equal food intake of rats fed a low calcium diet.
An oral dose of '111"Cd (I 1.2 ,gg total cadmium) was
administered at 7 days. After 10 days, the cadmium
in the liver was higher for calcium-fed rats and cad-
mium in the kidneys was higher in the calcium defi-
cient rats. The total amount of cadmium in the two
organs was the same for the two groups. The reten-
tion of cadmium by the small intestine by 10 days
was greater for the calcium-deficient rats.

Fowler et al. (42) found morphological changes in
renal arteries and capillaries and deposition of
peritubular connective tissue fibers in rats receiving
cadmium (0.2, 2, 20, and 200 ppm cadmium in the
drinking water). These changes were dose-related.
In this study higher concentrations of cadmium
were found in the kidneys of the rats receiving a
low-calcium diet as compared with a normal cal-
cium diet. Severe morphological changes in the kid-
neys and bones were reported by Itokawa et al. (43)
for rats fed a low calcium diet and 50 ppm cadmium
in the drinking water. Marked spinal curvature was
observed in rats fed 20 ppm cadmium in a diet low in
calcium, zinc, and protein (44).
The uptake by liver and kidney of a tracer dose of

'09Cd was shown by Cousins and Feldman
(45) to be unaffected by pretreating vitamin D-
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deficient chicks with the vitamin. After oral dosing
with '09Cd, the birds were fasted for 24 hr and killed,
and the radioactivity was measured. The calcium
level of the serum was depressed in deficient birds
and it was increased by the vitamin D dose. The
design of this study did not include evaluation of the
effects of intestinal absoption of calcium on cad-
mium absorption.
A marked increase in absorption of cadmium was

produced by feeding a low protein diet to mice for
24 hr before and 24 hr after an oral dose of "11"'Cd
(46). When 200 ppm cadmium was added to a diet
low in protein, calcium, phosphorus, and fiber,
young rats grew slowly (47). Marked depilation re-
sulted from abnormal biting and eating of hair from
other rats in the same cage. Removal of cadmium
reversed these effects.

Effects of Dietary Nutrients in
Decreasing Risks from Cadmium
Numerous studies have demonstrated that toxic

effects of injected cadmium may be lessened by in-
jections of other elements. These studies, which
have varying degrees of relevance to dietary effects,
have been summarized in the reviews cited at the
beginning of this paper.

In 1961, it was shown by Supplee (24) that sup-
plements of zinc in excess of the young turkey's
requirement decreased the hock and feather abnor-
malities produced by 80 ppm dietary cadmium. A
supplement of 75 ppm zinc caused a small increase
in the hematocrit of severely anemic Japanese quail
fed 75 ppm cadmium (48). The cadmium concentra-
tion in the liver of young Japanese quail fed 0.145
ppm cadmium with a tracer of '09CdCI2 was less
when the zinc content of the diet was increased
from 30 ppm (requirement) to 60 ppm (27, 49).
Very high levels of cadmium have been shown to

produce anemia in several species. A supplement of
400 ppm iron as ferrous sulfate had a marked effect
in preventing the low hemoglobin level produced in
rats by 100 ppm cadmium (50). Similar beneficial
effects were reported for dietary supplements of
iron(II) and injected iron-dextran in rats fed diets
with 100 ppm cadmium and in pigs receiving 154
ppm cadmium (51, 52). Iron(II) as ferrous sulfate
was markedly more protective than iron(III) as fer-
ric citrate in preventing growth depression and
anemia produced by 75 ppm dietary cadmium in
young Japanese quail (48).
Mice given 10, 20, or 40 ppm cadmium in drinking

water during pregnancy produced normal numbers
of fetuses; however, fetal size was decreased in
proportion to cadmium dose (53). Maternal weight

gain with 40 ppm cadmium was decreased during
the last 4 days of gestation although food intake was
not significantly affected. Mild anemia was ob-
served in the pregnant females, whereas anemia in
the young was very severe. Injection of I mg iron as
iron-dextran on days I and 14 of pregnancy pre-
vented the adverse effects of 40 ppm cadmium.
These data support the conclusion that levels of
cadmium having little or no apparent effect on preg-
nant females reduced their iron stores, so that either
little iron was available to transport to the fetuses or
else cadmium may have decreased the transfer of
iron across the placenta.

High levels of cadmium (25 to 400 ppm) fed to
chicks in a diet deficient in copper and iron caused
mortality, reduced growth, and caused anemia and
atony and elongation of the gizzard (28). Zinc sup-
plements improved growth rate and prevented the
gizzard abnormality. Copper supplements de-
creased mortality and iron supplements decreased
mortality and improved growth.

Supplemental copper increased the hematocrit of
anemic Japanese quail fed 75 ppm cadmium (48).
Individual supplements of chromium, cobalt,
selenium, nickel, molybdenum, and pteroylglutamic
acid did not affect either hematocrit or body weight.
A supplement of L-cysteine HCI (0.1% of the diet)
had a small effect on increasing hematocrit and
body weight; the latter was observed in only one of
two experiments.

Simultaneously doubling the required levels of
zinc, manganese, and copper in a soy isolate diet
was shown by Jacobs et al. (54) to influence mark-
edly the metabolism of 0.062, 0.125, 0.25, 0.50, and
1.00 ppm dietary cadmium fed to young Japanese
quail for I week with a tracer of ""'CdCI.. Cadmium
accumulated in the duodenum, liver, and kidneys in
a linear log-dose, log-response relationship. The
supplemented birds had less cadmium in the liver,
kidneys, and whole body, whereas the concentra-
tion in the duodenum was not affected. Cadmium
concentration in the jejunal-ileal section of the small
intestine was decreased by the supplement. These
dietary concentrations of cadmium bracketed the
dietary concentrations of cadmium equivalent to the
intake of man (approximately 0.08-0.1 ppm) when
calculated to a dry, fiber-free diet of the type fed in
this experiment. These relatively modest incre-
ments of zinc, manganese, and copper suggest that
long-term effects of cadmium uptake may be signifi-
cantly influenced by dietary mineral levels.

Similar protective effects of the same supplement
were observed by Jacobs et al. (55) in young
Japanese quail fed I ppm cadmium and a tracer of
"511CdCI2 for I week. The birds continued to receive
the same diets without "511Cd for 50 days. The slope
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of the long-term whole body retention curve
showed a beneficial effect of the supplement in ac-
celerating the loss of cadmium. This effect was less
than that on absorption, which was observed in the
short-term experiment (54), but it is still important
when we consider the very long biological half-life
of cadmium in the human kidney.

Ascorbic acid has been found to protect markedly
against the anemia and growth depression produced
in young Japanese quail receiving 75 ppm cadmium
in the diet (56). The minimal effective level was ap-
proximately 0.05%, which is approximately two and
one half times the guinea pig's requirement or
equivalent to a daily intake of approximately 780 mg
per day by man. Cadmium did not affect the total
ascorbate content of the liver (48). D-Isoascorbic
acid also protected against anemia and growth de-
pression, and both forms protected against the poor
bone mineralization caused by cadmium. Removal
of ethoxyquin from the diet had no effect. It appears
that the primary effect of ascorbic acid was to im-
prove iron absorption; however, injected ascorbic
acid produced a small improvement in hematocrit.
The effect of ascorbic acid on cadmium concentra-
tion in the liver and kidneys was variable; however,
decreased levels of cadmium were observed in a
few experiments with supplements of ascorbic acid
and iron (100 ppm iron as ferrous sulfate).

Pathological changes produced by 75 ppm cad-
mium in the young Japanese quail included testicu-
lar hypoplasia, bone marrow hyperplasia, immature
circulating erythrocytes with small amounts of
basophilic cytoplasm surrounding the nucleus,
hypertrophy of both ventricles, enteropathy with
clusters of mucin-filled goblet cells at the villous
tips, decreased granulation of adrenal medullary
cells, and increased periodic acid-Schiff reactivity
of esophageal mucus glands (57). Supplements of
ascorbic acid markedly decreased or prevented all
of these changes.

Male and female rats were fed either 50 or 75 ppm
cadmium with or without a combined supplement of
1% ascorbic acid and 400 ppm iron as ferrous sulfate
(58). Cadmium caused reduced growth rate, low-
ered hemoglobin and hematocrit, and hypertrophy
of the duodenum. The combined supplement was
markedly protective against all of these toxic effects
and also caused reduced tissue concentrations of
cadmium.

Diets deficient in pyridoxine or containing high
levels (22 and 44 ppm pyridoxine) of the vitamin
were fed to rats receiving 100 ppm cadmium in the
diet (59). In the absence of cadmium, pyridoxine
deficiency did not affect hematocrit but markedly
reduced growth rate. Cadmium decreased the
growth rate of all rats compared with their controls.

At 6 weeks, when body weights of all rats were
similar except for pyridoxine-deficient groups, the
hematocrit values for pyridoxine- and cadmium-fed
groups were similar and markedly lower than the
controls. By 12 weeks, the hematocrit values of rats
fed 22 ppm pyridoxine with cadmium were mark-
edly higher than those of rats fed 44 ppm pyridoxine
with cadmium, although body weights were similar.
Among the cadmium-fed rats, the concentrations of
cadmium in the livers and kidneys of pyridoxine-
supplemented rats were lower than those in the de-
ficient group. Iron concentrations in the livers of all
cadmium-fed rats were low. The required level of 7
ppm pyridoxine was not fed; however, if 22 ppm
pyridoxine could be assumed to be a normal con-
trol, 44 ppm pyridoxine had an adverse effect on
hematocrit of cadmium-fed rats at 12 weeks of age.
It appears reasonable to interpret the relatively high
hematocrit of the deficient rats fed cadmium as evi-
dence of little dilution of initial iron stores as-
sociated with poor growth.
The type of dietary protein in purified diets was

found by Fox et al. (60) to influence markedly the
severity of cadmium toxicity. Japanese quail fed 75
ppm cadmium from 7 to 14 days of age became
anemic, and had low amounts of liver iron, tibia
zinc, and total ash when either casein and gelatin or
soy isolate was the source of dietary protein. When
dried egg white was the source of protein, cadmium
either had no effect or a much lesser effect on these
same measurements. The beneficial effects of dried
egg white were attributed to better utilization of
dietary iron and zinc. It has been suggested that the
selenium content of the egg white may have influ-
enced its beneficial effect (12); however, selenium
was ineffective when added to the soy protein diet
containing cadmium (48).

Effects of Age on Cadmium
Uptake
The placenta is known to be an effective barrier

against cadmium transport into the fetus. Henke et
al. (61) proposed that by 3 years of age the child has
accumulated almost one-third of the lifetime burden
of cadmium. Kello and Kostial (62) found that in
rats given a single oral dose of 1"5MCdCl2 with milk
and stock diets at 3, 6, and 52 weeks of age, reten-
tion of cadmium was significantly greater by the
younger rats fed each type of diet. The greatest
whole body retention at 6 days was 26.6% for rats
that received cadmium at 1 week of age. Retention
values for rats dosed at 3 and 52 weeks of age were
15.8 and 5.6% for the milk diet and 0.89 and 0.32%
for the stock diet, respectively. Retention of in-
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jected cadmium was not influenced by age or diet.
Sasser and Jarboe (63) dosed rats orally with

'15mCdCl2 1 and 24 hr after birth. One day after dos-
ing, the cadmium transported past the gastrointesti-
nal tract was 7.9% of the dose for rats dosed 1 hr
after birth and 1.4% for rats dosed at 24 hr, whereas
the values were 12 and 5.4%, respectively, for rats
killed 21 days after dosing. Cadmium was retained
tenaciously for 15 days by the gastrointestinal tract
of rats dosed either 2 or 24 hr after birth. 115mCd
administered to 6-week-old rats was absorbed past
the gastrointestinal tract by only 0.6%, 4 days after
dosing.

Enteropathy Caused by Dietary
Cadmium

Enteropathy was found in Japanese women who
died from Itai-itai Byo (64). Ulceration of the
stomach, small intestine (65), and colon (66) has
been reported in rats given cadmium and necrosis of
jejunal villi tips was observed in rabbits (67). En-
teropathy in Japanese quail fed 75 ppm cadmium for
4 or 6 weeks has been studied extensively by
Richardson and co-workers (57, 68). The small in-
testinal wall was dilated and thin, the villi were
shortened and blunt, and the microvilli of absorp-
tive and goblet cells were shortened. Clusters of
goblet cells were observed near the villous tips. The
gross, microscopic, and ultrastructural lesions re-
sembled those occurring in human malabsorption
syndromes, celiac disease, and tropical and non-
tropical sprue. Large, irregular electron-dense
bodies were observed in the endothelium of the
large veins. There was degeneration of some of the
nerve plexuses in the muscularis propria. More re-
cently, Mason et al. (69) showed that exposure of
Japanese quail to only 1 ppm dietary cadmium be-
tween 12 and 14 days of age accelerated degenera-
tion of absorptive cells at the villous tips in all birds.
Continuous exposure from hatching to 14 days
caused similar changes in about half of the birds.

Valberg et al. (70) found that the '09Cd-thionein
from intestinal mucosal cells was taken up by the
mucosal cells similar to 109CdC12; however, less of
the cadmium from the cadmium-thionein was trans-
ported into the body. The cadmium-thionein caused
extensive necrosis of absorptive cells during a 1-hr
exposure of the intestinal mucosa. Under the same
conditions, cadmium chloride caused minor abnor-
malities. Changes in the enzyme activity and dis-
tribution of several metals in the soluble fraction of
the duodenal mucosa have been reported in rats re-
ceiving cadmium (71).
These studies illustrate the sensitivity of the in-

testinal mucosa to the cytotoxic effects of cadmium.

Physical alteration of the absorptive surface and
biochemical changes may introduce factors that
must be considered in extrapolation from studies of
high level cadmium exposure to those at levels typi-
cal of current human intake.

Nutritional Intervention to Protect
Against Excess Metal Intake by
Man
An assessment of the need for nutritional inter-

vention to protect against dietary exposure to a
toxic metal must involve several factors. These in-
clude (1) exposure level to the toxic metal, (2) levels
at which undesirable effects might occur in the
normal individual, (3) physiological and nutritional
factors that increase risk, and (4) dietary intake of
essential nutrients by the population.
The Food and Drug Administration has a con-

tinuing program to monitor the levels of lead, cad-
mium, arsenic, mercury, zinc, and selenium in
foods. Foods are collected periodically from rep-
resentative areas of the country to provide an indi-
cation of food intake by a 15 to 20-year old male. A
summary of heavy metal data relative to the older
teenage male was reported by Mahaffey et al. (17).
The 1973 daily intakes of total mercury, lead, and
cadmium were 6.7, 14. 1, and 72-90%, respectively,
of the FAO/WHO provisional tolerable intakes for
man (23).
The FAO/WHO recommendations with regard to

mercury, lead, and cadmium are the only standards
established to provide guidance regarding rea-
sonably safe levels of intake. It is well recognized
that all inorganic elements are toxic at elevated
levels of intake. The minimal levels at which ad-
verse effects appear are usually approximately 20 or
more times the required intake of essential trace
elements. Nutrient deficiences can lower this level
to 2-3 times the requirement. Elements required in
large amounts may become toxic before the intake
is double the requirement. The very young, the
pregnant, and the elderly represent groups most apt
to be at risk from these excess levels.
Once the conclusion is reached that undesirably

high intakes of a given element are unavoidable,
consideration should be given to the use of appro-
priate nutritional supplements to decrease the
hazard. The data with cadmium clearly show that
deficient intakes of several essential nutrients in-
creased the toxicity of cadmium. Increased absorp-
tion of small amounts of cadmium have been shown
in a few instances. Conversely, supplements of sev-
eral essential nutrients in excess of requirements
have been shown to reduce cadmium toxicity in ex-
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perimental animals.
Correction of nutrient deficiencies is of great im-

portance and might be envisioned as being simple to
accomplish. In practice, however, this can be ex-
ceedingly difficult due to differences in dietary in-
take, to varying degrees of deficiencies, and to inci-
dence of genetically determined differences in ab-
sorption, metabolism, and storage of essential min-
erals. Some of the wide variations within population
groups are described below.
The use of nutrient supplements in excess of re-

quirements must be approached with even more
caution. Numerous antagonisms and interactions
between essential minerals themselves and between
essential minerals and other nutrients continue to be
recognized. Virtually nothing is known about die-
tary imbalances that may have an adverse effect on
the function of the newly recognized essential ele-
ments, such as silicon, arsenic, and nickel. Some of
our recent data illustrate the type of interaction
problem that might arise with a nutrient supple-
ment. Supplements of zinc and ascorbic acid have
been shown to be very beneficial individually in
counteracting the toxicity of cadmium. A combined
supplement of these would seem to be useful; how-
ever, we have recently found that the combination
is much more antagonistic to copper than either
alone (72). With modest dietary excesses of copper,
the sensitive antagonism was not observed; how-
ever, marginally low copper intakes by man are
common.
There is considerable evidence to suggest that

significant numbers of people in the United States
consume diets that are less than adequate with re-
spect to essential minerals and other nutrients. Data
from the first Health and Nutrition Examination
Survey (1971-72) revealed clinical signs indicative
of deficiencies of thiamine, niacin, vitamin C, vita-
min D, and vitamin A in significant percentages (5%
or more) of some population groups (73). Evidence
of calcium-phosphorus imbalance and of iodine de-
ficiency and excess were also reported. Calcula-
tions of nutrient intake from single 24-hr dietary re-
calls taken during the same survey revealed in-
adequate mean intakes by several population
groups of protein, iron, vitamin A, and vitamin C
(74, 75). The standards used to evaluate adequacy
of calcium and vitamin A intake were considerably
lower than the recommended dietary allowances of
the Food and Nutrition Board (/). Evidence of zinc
deficiency in children has been reported by Ham-
bidge and co-workers (76-78).
The quantities of essential minerals in the total

diet study by the Food and Drug Administration are
also determined. From the diets for the older teen-
age male adjusted to 2800 kcal/day the mineral

levels in the diets, as mg/day and percent of the
U. S. Recommended Daily Allowance (RDA) (2),
were recently reported as follows: calcium 1145,
114%; copper 1.5, 75%; iron 17.8, 99%; iodine
0.538, 359%; magnesium 354, 88%; manganese 3.7,
74%; phosphorus 1709, 171%; selenium 0.100 mg;
and zinc 13.8, 92%, respectively (79). A U. S. RDA
for manganese has not been established; the value
used was 5 mg/day. The foods were selected to rep-
resent a nutritionally adequate diet; however, cop-
per, magnesium, and manganese were significantly
low, whereas phosphorus and iodine were present
in excess.
Analyses of self-selected diets have been shown

values that were low in zinc, manganese, copper,
and magnesium (80-85). Ranges in the daily intakes
of minerals, which have been reported in a few
studies, have been found to be rather wide. Some
examples are as follow: calcium 0.13-1.60 g, phos-
phorus 0.41-1.66 g, and magnesium 57-240 mg (80);
manganese 0.8-7.1 mg, copper 0.1-15 mg, and zinc
1.7-9.1 mg (82); and manganese 0.7-7.6 mg, copper
0.6-8.5 mg, and zinc 7.2-42.9 mg (84). The ranges in
6-day averages for individuals were as follows: cop-
per 0.58-2.03 mg and zinc 5.94-12.09 mg (83). These
data show that many daily intakes of these elements
were markedly deficient and that others were quite
high. The ranges for the individual 6-day means for
copper and zinc show that individuals can have very
low intakes of these elements over significant
periods of time.

It is well recognized that many nutrient interac-
tions involving minerals take place in the gastroin-
testinal tract prior to absorption. Examples are the
effect of ascorbic acid in increasing iron absorption
and the effect of calcium and phytate in reducing
zinc absorption. It is obvious that analysis of a
day's diet does not provide sufficient data for
assessing the relative adequacy or excess of mineral
intake.
The importance of designing experimental animal

models to be more applicable to man has been ad-
dressed by Fox (86). Differentiations have not been
made between the effects of long-term nutritional
status and the simultaneous intake of nutrient and
toxic metal in assessing the protective efficacy of
the nutrient. Whereas our knowledge of an animal's
response to almost overwhelming doses of toxic
elements is extensive, very little is known about the
absorptive, sequestering, and transport processes
and the metabolic effects of very low levels of in-
take. Basic information relative to these processes
is needed in future investigations of nutrient-metal
interactions to guide regulatory actions that will be
most appropriate to diminishing the problems of
human beings.
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